Iron-based layered double hydroxides (LDHs) obey to the general chemical formula [MII(1-x)MIIIx(OH)2]x+. [(x/n) An-, m H2O]x-and contain a minimum of 50 % of iron, i.e. FeII or FeIII, in the cationic sheets. As LDHs contain FeII species, these are interesting minerals for several applications such as the reduction of anionic pollutants or the degradation of organic pollutants. They are mostly prepared either by coprecipitation of dissolved species or by oxidation of hydroxilated FeII species. The synthesis routes are visualised in binary and ternary massbalance diagrams. The LDH[FeII-FeIII] crystals are well crystallised hexagonal plates, the size of which diminishes rapidly when divalent or trivalent cations substitute iron. The LDH[FeII-FeIII-CO3] transforms into a mixture of magnetite Fe3O4 and siderite FeCO3 in alkaline conditions, but the adsorption of silicate or phosphate anions on the lateral faces of the crystal prevents this decomposition. In oxic conditions, two mechanism of transformation are identified depending upon the kinetics: (i) fast in situ oxidation within the solid, (ii) dissolution-precipitation of the LDH that leads to the formation of ferric oxyhydroxides such as goethite (FeOOH). ABSTRACT Iron-based layered double hydroxides (LDHs) obey to the general chemical formula [M II (1-x) M III x (OH) 2 ] x+ . [(x/n) A n-, m H 2 O] xand contain a minimum of 50 % of iron, i.e. Fe II or Fe III , in the cationic sheets. As LDHs contain Fe II species, these are interesting minerals for several applications such as the reduction of anionic pollutants or the degradation of organic pollutants. They are mostly prepared either by coprecipitation of dissolved species or by oxidation of hydroxilated Fe II species. The synthesis routes are visualised in binary and ternary mass-balance diagrams. The LDH[Fe II -Fe III ] crystals are well crystallised hexagonal plates, the size of which diminishes rapidly when divalent or trivalent cations substitute iron. The LDH[Fe II -Fe III -CO 3 ] transforms into a mixture of magnetite Fe 3 O 4 and siderite FeCO 3 in alkaline conditions, but the adsorption of silicate or phosphate anions on the lateral faces of the crystal prevents this decomposition. In oxic conditions, two mechanism of transformation are identified depending upon the kinetics: (i) fast in situ oxidation within the solid, (ii) dissolution-precipitation of the LDH that leads to the formation of ferric oxyhydroxides such as goethite (FeOOH).
Introduction
Mixed M II -M III layered double hydroxides (LDHs) minerals are described by the general formula M III x (OH) 2 ] x+ .[(x/n) A n-, m H 2 O] xwhere M II and M III are metallic cations present in brucite-type layers Mg(OH) 2 , A nis an intercalated anion or a negatively charged molecule and x is the molar fraction of the trivalent cation and also the electrostatic charge of both the brucite-type layers and the anionic interlayers. Most commonly, the values of
x are found in the range [0.2-0.33] (Khan and O'Hare, 2002) . Recently, the researchers has shown the increasing interest for the synthesis and the characterisation of LDHs since these materials can be used for many potential applications. For example, LDHs are well known for their capacity to exchange various types of inorganic anions (Miyata, 1983; Khan and O'Hare, 2002) . More recent studies have shown that LDHs can easily incorporate organic and bioorganic molecules such as ascorbic acid (Aisawa et al., 2007) , urease (Vial et al., 2008) , DNA (Oh et al., 2006) and even ferritin (Clemente-León et al., 2008) . A particular type of LDHs which contains only iron as a cation in the brucite-type layers is called Green Rust (GR), i.e. the LDH[Fe II -Fe III ]. GR is an intermediate compound that forms during the Fe II species oxidation in solution (Feitknecht and Keller, 1950) . For example, carbonated GR was observed as a corrosion product in water drain by Stampfl (1969) . In 1996, a natural sample found in a hydromorphic soil in the forest of Fougères (Brittany, France) was identified to be homologous to green rust by using Mössbauer and Raman spectrocopies (Trolard et al. 1997 ).
This mineral was then named fougerite (IMA 2003-057) . More recently, three new occurrences were found: one in coal mine drainage sediment in South Wales (Bearcock et al., 2006) and two others in Denmark (Christiansen et al., 2009) . In this last study, an X-ray diffraction pattern that corresponds to synthetic carbonated GR was presented for the first time. The properties of GR, i.e. the LDH[Fe II -Fe III ], were also studied because of its ability to reduce several anionic pollutants such as nitrate (Hansen, 2001) , chromate (Loyaux-Lawniczak et al., 2000; Bond et al., 2003; Legrand et al., 2004) and seleniate (Refait et al. , 2005a Hiroshi et al. 2009 ). Finally, GR was shown to promote the reduction/oxidation of an azo dye and therefore its removal from water and the Fenton-like oxidation of phenol at neutral pH .
In this paper, we will focus on the description of the synthesis routes and transformation (Refait et al., 1993 (Refait et al., , 2005b , Fe II by Mg II (Refait et al., 2001) and more recently Fe III by Al III . Fully substituted compounds that correspond to minerals such as pyroaurite Mg 6 Fe 2 (OH) 16 CO 3, 4H 2 O (Allmann et al., 1968) or reevesite Ni 18 Fe 6 (OH) 48 (CO 3 ) 3 ,12H 2 O, (De Waal and Viljoen , 1971) are not strico sensu iron-based LDHs and the synthesis of such compounds will not be considered here. By comparison with other LDHs, we will try to show specifically the iron-based LDH in terms of formation and transformation modes in both oxic and anoxic conditions. . The diagram is an equilateral triangle and the composition of any point is easily obtained by plotting the perpendicular to the triangle sides as usually done when studying the phase diagram of ternary alloys (bottom of Fig. 2a ). The number of moles of hydroxyl per mole of total cations R = n(OH -) / n(M tot ) that is necessary to form a given compound is situated on the perpendicular to the triangle base. The formation pathways of the M IIIsubstituted LDHs are presented in figure 2a . (Fig 4a) , but to our knowledge such a method has not yet been tested. In sulphated medium, the coprecipitation of the LDH[Fe II -
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Al III ] leads unfortunately to an amorphous compound that is difficult to use as a starting product for an oxidation experiment. The oxidation path presented in figure   2b was used to prepare the LDH[{Fe II , Ni II }, Fe III ] (Refait et al., 1993) . In these experiments, By comparing the results obtained with several oxidants , a general rule was obtained that the thermodynamically favourable reactions were pH independent, as it is the case for reactions (1) and (2). If the reduction of the oxidant corresponds to the general half reaction:
(Ox) + n e - (Red) +ν OH - (3) The specific ratio r = n(OH -) / n(Fe II ) of the initial solution that has to be chosen for preparing 100 % of the LDH with a Fe III molar fraction x is given by the general formula :
For example, for the redox couple O 2 /OH -, the half reaction is O 2 + H 2 O + 2e -+ 2 OHand (ν/n) = 1. For preparing the LDH[Fe II -Fe III ] at a x value of 1/3, the r value is therefore equal to 5/3 according to equation (4) which is in good agreement with the experimental observations.
Reactivity of Fe II species with ferric oxyhydroxides
The LDH[Fe II -Fe III ] can also be formed by controlling the reactivity of Fe II species with ferric oxyhydroxides such as lepidocrocite -FeOOH (Tamaura et al., 1985) or ferrihydrite (Hansen, 2001) . In these experiments, soluble Fe II species were introduced into a suspension that contains the ferric oxyhydroxide at a pH close to 7. This pH allows a sufficient hydroxylation rate of the Fe II species necessary to activate the reaction. The LDH[Fe II -Fe III -SO 4 ] can also be prepared by fixing the hydroxylation rate R = n(OH -)/[n(Fe II ) + n(Fe III )] at a exact value of 7 with a basic solution such as NaOH (Ruby et al., 2003) . This ratio corresponds to the formation of a mixture {FeOOH, 2 Fe(OH) 2 } that was hypothesised to be the precursor of the formation of the LDH[Fe II -Fe III -SO 4 ]. A heterogeneous reaction that would occur at the surface of the ferric oxyhydroxide was described by Ruby et al. (2006) .
Characterisation of iron-based layered double hydroxides 2.3.1 Morphology of the crystals
Non-substituted LDH[Fe II -Fe III ] prepared at room temperature either by the coprecipitation or the oxidation experiments are constituted by well-defined hexagonal plates with a lateral size D situated in the range [100 -500] nm and a thickness d of  [10 -50] nm as observed by transmission electron microscopy (TEM) (Fig. 3a) . The ratio D/d was found to be close to 10 for the LDH[Fe II -Fe III-SO 4 2-] and close to 5 for the LDH[Fe II -Fe III-CO 3 2-] . For this reason, it was possible to see a high proportion of the LDH[Fe II -Fe III-CO 3 2-] crystals with their basal plane situated perpendicularly to the TEM grid ( Fig 3a) . Diffraction of isolated crystals along the [001] zone axis was performed and this allows us to determine the parameter a of the hexagonal cell (a  3.2 Å).
The substitution of the trivalent or the divalent cation by another chemical element gives rise to a rapid decrease of the crystal size as observed in Fig. 3b&c . For example the substitution of half of the Fe III cations by Al III into the LDH[Fe II -Fe III -SO 4 ] induces a decrease of the lateral crystal size of  10 nm (Fig. 3b) . A more drastic effect is observed if the divalent Fe II species are fully substituted by Ni II (Fig. 3c because it contains a double layer of oriented sulphated anions and water molecules . Therefore, the structure of these two LDHs can be distinguished very easily by Xray diffraction and were denominated by Bernal et al. (1954) . green rust 1 (R 3 m) and green rust 2 (P 3 1m). For instance, the position of the most intense (003) peak of the LDH[Fe II -Fe III -CO 3 ] is situated at a much lower angle than the (0001) peak of the LDH[Fe II -Fe III -SO 4 ] simply because of the difference of interlayer spacing (Fig. 4) . ] with a molar ratio n(Al III )/n(Fe III ) of 1 is presented in figure 5b .
Speciation of iron with
As expected, one observes a significant decrease of the relative area of doublet D 1 and the apparition of a new ferrous doublet D 3 . The origin of doublet D 2 was attributed to Fe II species having Al III ions as first neighbours .
Transformation of iron-based layered double hydroxides

Decomposition in anoxic condition
Iron-based LDHs may transform under anoxic conditions, particularly in basic solution.
Two types of transformation were observed depending on the pH conditions (Ruby et al., 2003 The LDH[Fe II -Fe III -SO 4 ] precipitates generally at a pH close to 7 both in the coprecipitation and the oxidation experiments and therefore reaction (5) can easily be avoided. On the contrary, the LDH[Fe II -Fe III -CO 3 ] precipitates in alkaline solution in a pH range situated between 8 and 10 and the partial transformation described in reaction (6) occurs within a few days. The introduction of very small amount of phosphate or silicate anions in the solution prevents completely the decomposition of the LDH ). This effect was demonstrated to be due to the adsorption of the phosphate species on the lateral faces of the LDH[Fe II -Fe III -CO 3 ] crystals (Bocher et al., 2003) . This adsorption inhibits the release of the carbonate species from the LDH structure.
Oxidation reactions
In situ transformation within the solid
The LDH[Fe II -Fe III ] can be oxidised in situ within the solid LDH[Fe II -Fe III ] if either a strong oxidant such as H 2 O 2 is used or if the oxidation is performed in a strongly aerated medium. In these conditions, the redox potential E h measured in the suspension increases quickly and the oxidation can be achieved in approximately 1 hour (Fig. 6a ). If the starting material is the LDH[Fe II -Fe III -CO 3 ), a continuous range of LDH related compounds with a variable composition of x will form. The general chemical formula of these compounds is Fe II 6(1−x) Fe III 6x O 12 H 2(7−3x) CO 3 with x situated in the range [1/3-1] .
Reflexion Mössbauer spectra of the compounds at x = 0.33 and x = 0.5 are presented in Fig. 7 .
The two ferrous doublets D 1 and D 2 were attributed to Fe II species having respectively water molecules and carbonate species in their close neighbourhoods. The apparition of a new doublet D 4 at x values higher than 0.33 ( Fig. 7b ) was attributed to Fe III species in an octahedral coordination where a partial deprotonation of the Fe-OH bonding occurred. This hypothesis was confirmed by X-ray photoelectron spectroscopy by recording the evolution of the O1s spectrum (Mullet et al.) . A progressive decrease of the OHcomponent is observed when the ratio x increases (Fig 8) . This deprotonation process was also supported by the X-ray diffraction patterns that exhibit a contraction of a few percentage of the crystallographical cell and a progressive disordering of the structure. The hexagonal morphology of the crystal was shown to be conserved by TEM attesting that the oxidation occurred within the solid. The compound is therefore not longer stricto sensu a layered double hydroxide but rather a oxyhydroxycarbonate that has a crystallographical structure strongly related to the initial LDH[Fe II -Fe III -CO 3 ] at x = 0.33.
Dissolution-precipitation mechanism
If the kinetics of the aerial oxidation of the LDH[Fe II -Fe III ] is slower, the evolution of the redox potential (Fig. 6b ) is quite different in comparison with the one observed in figure 6a . is the end-product of oxidation. On the contrary to the oxyhydroxycarbonate oxidation product observed in section 3.2.1, the crystallographical structure and morphology of goethite (needles) is quite different if compared to the initial LDH structure. Therefore, the mechanism of formation involved here is rather a dissolution-precipitation process. The presence of the first E h plateau shows that a redox equilibrium exists between the LDH[Fe II -Fe III -CO 3 ] and goethite during the quasi-totality of the oxidation process. Therefore a simple measure of the redox potential of the suspension can be used as a guide to know which kind of oxidation mechanism is involved, i.e. in situ oxidation or dissolution-precipitation. column reactors. Therefore the formation and reactivity of such compounds as coatings at the surface of minerals (e.g. quartz or clays) could be the subject of further studies. 
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